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Abstract. This paper presents a numerical investigation of the forces acting on a circular cylinder of diameter D fitted
with a rigid, fixed splitter plate of length D and thickness | = 0.1D, submerged in a steady flow of velocity U at an
incidence angle o. Fluid forces are employed in a quasi-steady model of the dynamics system based on the classical
theory of galloping instability. We first remember the range of validity of the quasi-steady theory in each degree of
freedom (plunge and torsion) in a view to justify the size our geometry. Then we describe the numerical method we used,
and our results for Reynolds numbers equal to 60 and 200. Secondly, we visualize the flow behavior around the body and
note that it behaves as a bluff body. Then we focus on the steady aerodynamic coefficients for each angle of attack, and
investigate the way to better extract the values for their derivatives. Afterwards, we show that regarding the Den Hartog'’s
criterion for the stability of classical galloping (stability in plunge), there is no potential instability for the system at both
Reynolds numbers. The validity of a quasi-steady approach to model a complex fluid-structure interaction problem is also
discussed.

Keywords: Quasi-steady theory, galloping, Den Hartog’s criterion, spectral/hp FEM, DNS.
1. INTRODUCTION

The dynamic instabilities of a body due to fluid structure interactions are highly presents in the nature, and their
complexities have given birth to severals analytics models in order to describe these phenomenons. Here we focus on
the flow past a cylinder fixed to a rigid splitter-plate and his Quasi-Steady galloping model. This model is presented
in section (2.) as a simple spring-supported, damped linear partial equation, responding to a aerodynamic force. This
resulting force is a function of the aerodynamic coefficient (according to the dimension which is studied i.e. C,, Cy,
or C)y) which is, the only unknown. Indeed, all the others parameters are functions of structural properties and flow
characteristics.

Therefore, we devote this paper to the investigation of these coefficients. They can be extracted either experimentally
or numerically, and we choose here to present a numerical way. The methodology we decided to use is a spectral/hp, finite
elements method (Karniadakis and Sherwin, 2004) which computes a direct numerical simulation (DNS) of the incom-
pressible Navier Stokes equations over the fluid domain (section 3). To do so, we used the software Nektar++ (Cantwell
et al., 2015), and it allowed us to compute these simulations for a Reynolds number of 60 and 200: the limit of flow’s
bi-dimentional behaviour (Zdravkovich, 1997). Besides, we used Gmsh (Geuzaine and Remacle., 2009) to generate our
different meshes, and Paraview (Ahrens et al., 2005), for the visualisations and post-processing. In order to validate the
method’s convergency in this practical case, we ran series of tests (for the p and h — type convergency) prior to compute
our simulations and extract the results. In a future work, we will extend these investigations first for the aerodynamic
moment coefficient, and then for higher Reynolds number by using the quasi-3D theory.
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This article have been written as part of the PhD thesis of Robin L. G. Basso, and it must be considered as a preliminary
investigation of it. Indeed, this work will contribute to feed first a galloping model in plunge, then in torsion, to finally be
extended to a two dimensional flutter model (torsion and plunge).

It is also plan to compare these final results through experimental investigation, for the same range of Reynolds
numbers.

2. GALLOPING FONOMENON

Let’s consider our geometry (cylinder fitted to the splitter plate) immersed in a flow of intensity U;,,, and density p,
as shown in Fig. 1. As the cylinder oscillates (over y for instance), the orientation of the incoming flow over the geometry
changes and becomes U. And since the body isn’t rotationally symmetric in relation to the z axis, the resulting forces F,
and F'p oscillates as well. So we can describe the lift force F, as the component which acts perpendicularly to the mean
flow U and the drag force F'p as the one which acts parallel to U. As:

1

Fp = 5pU2DCD )
1

Fp, = ipUzDCL )

Where C'1, and Cp are the aerodynamics coefficients of lift and drag respectively, D is the diameter of the cylinder,
and y is the vertical velocity of the geometry. We express «, the angle of attack and U, the actual flow velocity as:

Y
« = arctan 3
<Uflow> @

U = /i + Uf2low “)

Since we want to work with the resulting forces F,, and F),, we must transform them in the (z,y) basis. We proceed
as follow:

5= e ) 7] ®

And we finally obtain the couple of resulting forces that we are going to use in our equations of motion:

1 2
F, = ipUJ%lowDCf i Cp = Ugji (Cp cos(a) — Cp, sin(a)) (6)
flow
1, U? .
F, = ngflowDCy ;o Cy = T (Cpsin(a) + Cf, cos(a)) (7N
flow
Uflow

Figure 1: Forces projections and mechanism description.

We also define the damping factor due to dissipation within the structure as ¢y, and the structural stiffness of the spring
as k,. The values associated to these quantities are fixed and determined from a concrete problem. Here we are going to
study the problem oscillating vertically, so we will focus on the F}, expression.

We choose to size our geometry in a way that the ration D/L = 2 (height over chord), in a view to applicate safely
the quasi-steady theory in both vertical and torsional dimensions. See section (2.2).
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2.1 Quasi-Steady theory

The essence of this theory comes from that we consider the case that our flow’s time scale T, ;4 1S much higher
that our solid’s time scale T's,;;4. In this case, the influence of the fluid oscillation will not have so much influence on
the solid’s movement. Analogically, according to Blevins (2001), this assumption is only valid if the frequency of total
periodic components of fluid force is well above the vibration frequency of the structure: fs > f,. Where f; is the
shedding frequency and f;, is the natural frequency of vibration.

We assume this condition true and go ahead expending our quantities in power series. For small angle of attack, we
got:

_ 4 2
@ = Uflow +0(e%) ®
U = Uflow + O (a2) ©)]
aC,y, 9
Cyla) = Cyl,_o+ o a+ 0 (a?) (10)

a=0

Here we neglected the terms proportional to o and higher powers of a: O (a2). We can now express the motion of
the system over the y dimension (since we are first looking for plunge stability), in function of the resulting forces and the
linearised terms. The Eq. (6) to Eq. (8) implies the following equation of one dimension motion for the spring-supported,
damped model responding to the vertical aerodynamic force:

my + 2mywyy + kyy = Fy (11
. pUD 0C, . 1
my + 2mw, (Cy R a—ay y+ky = ipUQD Cylo—o (12)
Yy a=0

Here m describes the mass per unit length, including the added mass, and w,, = 27 f, = \/k, /m describes the natural
frequency in radian per second (and f, is the natural frequency of plunge in cycles).

2.2 The Den Hartog criterion

If, for commodity, we express Eq. (11) in function of the net damping factor of vertical motion (r:

pUD 0C,

dmw, Oo

CTZCy_

13)

a=0

‘We obtain the solution for Eq. (11) of the form:

~1pU?D C
y = 14 : y|a:0 +Iélye*CTwyt sin {wym]f+¢:| (14)
Y

So we obtain that the vertical oscillations will increase or decrease in time depending of the sign of (7. Since the
only variable in the expression of (7 (see Eq. (13)) is the slope of the curve of C, around zero, we can make explicit the
divergency criterion of the solution:

potentially oo if >0
lim |y| — o0 a=0 (15)
i—=oo 0 if <0
a=0

This is the Den-Hartog (1956), criterion of stability. In section (5.1), we presents the curves of C,, and the slope of its
derivative in function of the angle of attack.

Regarding the validity of this criterion, Blevins (2001), claims that this theory is applicable safely at reduced velocity
U* = U/ f,D above 20, for a rectangular section of ratio L/D = 2. When according to Bearman et al. (1987) , this
theory is applicable safely at reduced velocity above 30, considering a square prism.

Concerning the torsional validity, Nakamura and Mizota (1975), tried to show the correlation between the unsteady
aerodynamic damping coefficient for torsional motion, k,, and the Quasi-Steady moment derivative, 9C; /O« depending
of the hinge point’s position. The region of same sign fairly fit for small ratio L/ D (< 2). Where L is the chord.
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3. NUMERICAL APROACH
3.1 The spectral/hp elements method

The spectral/hp elements method (Cantwell ef al., 2015) is used in a wide range of applications including biomed-
ical flows and separated/bluff body flows of relevance to offshore engineering and vehicle aerodynamics, where direct
numerical simulations are required. This method is whilst:

- a finite element method of h—type: the piecewise polynomial basis functions is fixed and any change of discretisation
to enhance accuracy is done by means of a mesh refinement,

- a finite element method of p — type: the partitioning of domain is kept fixed and any change of discretisation is
introduced through a modification in polynomial degree P,

- a spectral element method: the high accuracy of the spectral methods (spectral methods approximate the solution by
a truncated series of global basis functions) is combined to the geometric flexibility of the finite element method.

Since it is a finite elements based method, we used the same continuous (C°) Galerkin formulation to derive the weak
form of the partial differential equation to be solved: the incompressible Navier-Stokes equations.

In section (3.2) we show how and why we choose to work with an expansion polynomial of degree P = 6 for each
field.

3.1.1 Incompressible Navier-Stokes equations

Here we work with the set of governing equation for viscous Newtonians fluids governed by:

oM Vu= —Vpt oV oM Vu= _Vpi LV
aJru. u=-—-Vp+rv-u o §+u. u=— p+§ u (16)

Vau=0 Vu=0

Where u = [u,v]T is the velocity, p is the specific pressure (including density) and v the kinematic viscosity. Here
we normalised the intensity of the incoming flow U = 1, and since we choose D = 1, we can equivalently work with the
second part of the Eq. (16).

3.2 Computational domain and boundary conditions

The angle of attack variation was made statically, i.e., each simulation was performed with a fixed angle and the
geometry orientation remained unchanged, as shown in Fig. (2). In order to avoid the divergence of the the Courant-
Friedrichs-Lewy (CFL) condition, we used a conformal, partially structured mesh where the characteristics are presented
in Tab. (2).

Inlet Table 1: Boundary conditions type in the domain regions.
Physical Group | Field | Type Value
u Dirichlet | U. cos(«)
20D Outlet Inlet v Dirichlet | U.sin(«)
P Neumann 0
U Neumann 0
Outlet v Dirichlet 0
P Dirichlet 0
U Dirichlet 0
25D Cylinder walls v | Dirichlet 0
(no slip) P Neumann 0

Figure 2: Domain dimensions (not scaled).

Table (1) summarise the type of boundary conditions we implement overs the different regions of the hole domain.

In order to chose the right order of interpolation P, we realised a test of convergency. We compared the C, and C,
coefficients for « = 0°, Re = 200 and P = 2 to 7. Figure (3) shows the values of these coefficients (C), represented
by the dash-dot line and C, by the solid line) in function of the dimensionless time ¢ = 160 that we used in all our
simulations. We clearly see that C; reach its mean convergency value for P > 6 and C, for P > 3, which is clearer in
Fig. (4) where we calculated the mean of the signal over the last period for each value of P. This analyse allows us to
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Table 2: Technical characteristics of the meshes.

Name Width | Length | Elements | Vertices Type Order
Mesh2 | 16D 28D 2138 7994 Quadrilateral 2
Mesh 3 | 20D 35D 2797 10558 | Quadrilateral 2
Mesh 4 | 20D 35D 4869 18636 | Quadrilateral 2

chose and validate properly the maximum polynomial order P we used in our simulations for Re = 60 and Re = 200.
Indeed, we expect that as the flow behaviour is less critical for Re = 60, we can use the same value of P for both cases.
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Figure 3: Temporal visualisation of the C, and C, Figure 4: Visualisation of the mean of C, and Cy coeffi-
coefficients for Re = 200, and P = 2to 7. cients for Re = 200, and P =2to 7.

This previous test validate our p — type convergency, the following validate the h — type: we fix the maximum poly-
nomial order P = 6 and compute the base flow (for o = 0° and 20°) on the different meshes (see Tab. (2)).
Again, we see the different values of the coefficients in function of the dimensionless time ¢ in Fig. (5) and their mean
values in function of the different meshes in Fig. (6). We conclude that the "Mesh3" is already into the convergency zone,
and so we chose its characteristics to compute our simulations in the next section.
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Figure 5: Temporal visualisation of the C, and C, Figure 6: Visualisation of the mean of C, and C, coeffi-
coefficients for Re = 200, on Mesh2 to Mesh4. cients for Re = 200, on Mesh?2 to Mesh4.

The following section shows the velocity magnitude, vorticity, and pressure of the fluid flow around the body for dif-
ferent angles of attack: o = 0°, 5°, 10°, 15°, and 20°. The results are presented top-to-bottom following this order. These
visualisations are extracted from the simulations at the moment where the vertical force coefficient C;; were maximum,
during the steady state.
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4. FLUID FORCES ACTING ON THE BODY

4.1 Velocity magnitude

—14e00
—1.2

Velocity mdgnifude

0.0e+00

Velocity magnitude

0.0e+00

146+00
72

1

[0}
0.6
04

02
0.0e+00

Velocity magnitude

|

| 1.4e+00

Vélocity maghitude

0.2
0.0e+00

~ 1.4e+00
12
L1

Velocify magnifude

— 0.0e+00

Velocity magnitude

— 0.0e+00

— 1.4e+00
1.2

R
08
0.6
04

Velocity magnitude

—02
— 0.0e+00

08
0.6
04

—02
— 0.0e+00

Velocity magnitude |

— 1.4e+00
1152

-1
08
0.6

04

02
— 0.0e+00

Velocity magnifude

Figure 7: Velocity magnitude at Re = 60.
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4.2 Vorticity
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Figure 9: Vorticity at Re = 60.

Figure 10: Vorticity at Re = 200.
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4.3 Pressure
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5. RESULTS AND DISCUSSIONS

In Fig. (7) to (12) we can see that the flow around the cylinder don’t generate vortex shedding in steady state for all
the angle of attack in the case of Re = 60. We only see apparition of vortex shedding starting from o = 15° while for
Re = 200, the apparition of vortex shedding starts from o = 0°. In this case, the cylinder acts as a bluff body for all the
range of angle of attack, the mean velocity U is high enough to separate the flow locally at the surface of the body. We
assume that for Re = 60, the splitter plate have the effect to keep the flow stick to the body until « reach the point that it
make separate the flow at the very end of it.

Indeed, it make sense trigonometrically: (D/2 4+ D).sin(a) > D/2 < « > 20° is the angle of attack for which
the end of the splitter plate is at a position greater than the cylinder’s radius (in the direction parallel to the mean flow).
Moreover, since the shear layer have a thickness 6> 0,it explain why the vortex shedding begin before 20°. For higher
values of Reynolds number, the flow already separate by itself.

35 ; . . : : . . 3
a=0° a=0°
3 a=s® | 4 25 a=5° | 1
a=10° a=10°
a=15° 2 a=15°|
25} a=20°
15} i
» S 5 e ~ . - = . .
N A e S NV W A R
x5
05
0
05|
1f
05 | . | . . | . ik . . | . . . l
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
t t
Figure 13: Temporal visualisation of the C, and C, Figure 14: Temporal visualisation of the C;, and C, coeffi-
coefficients for Re = 60. cients for Re = 200.

Figures (13) and (14) confirm these assumptions by showing the temporal variations of the aerodynamics coefficients
for Re = 60 and 200. We note the static tendency of Cy during the steady state until « = 15° for Re = 60, and the
oscillations for the complete range of « in the case of Re = 200.

5.1 Polynomial interpolation

In Fig. (15) and Fig. (16) we can observe the evolution of the resulting force coefficients (here we talk in terms of total
aerodynamic coefficients, resulting from the pressure and viscous contributions) C; and C,, in function of the angle of
attack o, here represented by the blue and red stars. Since we assume the geometry perfectly symmetric in relation to the
(z, z) plane, we computed our base flow only for angle of attack positive (v = 0° to 20°) and we deduct their negative
values by a symmetric transformation. Represented here by the circles.

1.5 : ; : 7 1 1.2 &
1k 4
1 % mean ZV 4 % meanC
*  mean®y 0.8} % meanC, [
. 05
o
=]
o Ll
-0.5 k72
- 1 1 1 1 1 1 1 .
2 -5 -0 5 0 5 10 15 20 20 -5 -0 5 0 5 10 15 20
« «
Figure 15: Arithmetic mean of C, and C, for Re=60, Figure 16: Arithmetic mean of C, and C,, for Re=200, for

for « = —20° to 20°. a = —20° to 20°.
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The yellow and purple curves in Fig. (15) and Fig. (16) are the 7" order polynomial interpolation (P¥(z) and PY(z))
of respectively C,, and C,, that we used to calculate the derivative of C'y around 0° (Fig. (17) and Fig. (18)). We cal-
culated the polynomial interpolations by finding polynomials P*(x) and PY(z) of degree n = 1 to 7, that best fit (in a
least-squares sense) the data in y (i.e. C and Cy).

Figures (17) and (18) presents the of the Den Hartog criterion’s values for Reynolds 60 and 200. We compared these
values depending of the data’s order of interpolation. Clearly, for o between —20° and 20°, C}, is best interpolated by
a polynomial of odd order (Fig. (15) and (16)). That’s why we don’t notice big differences between using an odd order
of interpolation 7 and an even order of interpolation n + 1 for Cy, and we get this "step-function-like" for its derivative
around 0.

0.015 T T T T 0
—&— hole domain <
0.01 - %  1storderbw fw | 7 -0.005 P
5 0005 . 00T
5e) s} -
- 0k — -0.015 F —=o— hole domain
O>~ O> ¥  1storder bw fw
 -0.005 ®  -0.02}
-0.014¢ -0.025 -
.0015 1 1 1 1 1 _003 1 1 1
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Order of interpolation Order of interpolation
Figure 17: Values of the D.H. criterion regarding the Figure 18: Values of the D.H. criterion regarding the order
order of interpolation of Cy, for Re = 60. of interpolation of Cy, for Re = 200.

By this study we emphasise the importance to choose the right method of derivation. Figure (17) explicit the sign
difference of the derivative value when n < 3, leading to a false interpretation of the stability. Here we compare the
derivative value in zero of our interpolation scheme (blue circles) to the simple linear backward-forward derivate in zero
(red star) that we use for reference.

In both cases, 9C,,/0a,_, < 0: we aren’t in potential plunge instability yet. We expect a potential instability around
Reynolds = 1000, which will be investigated and discussed in a future work, as the torsional criterion of instability.

0.2 .
019 1 0.182 | ****** .
* :
0.18 | 0.18 | ‘ >*
* %
017 | e 0.178 | * .
016 | 0176 | x* .
¥
015 F 74 L 7 .
0 *
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0.13°F Kwong and Choi (1996) | - 017 } =¥ 4
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Figure 19: Shedding frequency in function of Figure 20: Shedding frequency in function of « for
Reynolds for o = 0. Reynolds = 200.

It is interesting to see that in Fig. (20) where we represented the shedding frequency in function of the angle of at-
tack, for Re = 200, the range of values is close to the predicted Strouhal number St = 0.2. Indeed, since we choose
to work with dimensionless scales (U = 1, D = 1), we get St = f,D/U = f,. If we compare these values to
those of a circular cylinder in the same range of Reynolds number (Norberg, 2001), we get approximatively the same
results: gently below 0.2. Furthermore, in Fig. (19), we compared the values of the shedding frequency during the steady
state in function of the Reynolds number from the present simulations (from Re = 80 to 200, and for « = 0), with
the values from Kwon and Choi (1996) (L/D =~ 0.95), and get a good coherency (we suppose the slight difference
comes from the thickness difference of the splitter plate). We also compare these values to the analytical expression
St = —3.3265/Re + 0.1816 4 1.6e~* Re (Williamson, 1989) and get the same shape for all the curves.

So far, we tested the Den-Hartog criterion of stability, through the Quasi-Steady theory. We see that with this type
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of analyse, due to the complexity of the problem, the maximum we can predict is a potential instability (regarding the
bounds of the amplitude in time). To go further, we will need the complete expression’s value of (7 (see Eq. (13)) and
examine its sign. Then, we will get the "real" criterion of instability, assuming we are still in the range of validity of the
Quasi-Steady theory. Since we only will be able to give a value to the reduced velocity U* when we will design a motion
model (in order to extract f,,), we will take this criterion (U* > 20) into account once the motion model found.
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